This study investigated the action of the calcium antagonist D600 on calcium channel currents recorded in high barium solution from single, enzymatically isolated smooth muscle cells from the rabbit ear artery using the whole cell configuration of the patch-damp technique. D600 (1-100 fiM) was applied by bath perfusion or by a new technique that allowed a concentration jump during the current. Application of D600 at rest (holding potential, -60 mV) did not alter the peak inward current elicited on depolarization, but the activation of the channels led to a marked block and an acceleration of the current decay. The mechanism of block of calcium channels by D600 was studied by using pulse protocols with different pulse length and different interpulse intervals. The results were consistent with the hypothesis that D600 has a low affinity for the caldum channels in the resting state and that they have to pass to the open state before the drug affects the calcium channel current. A fast onset of the calcium channel block by D600 (time constant, 502 msec) could be shown by rapid application of D600 during the sustained current component of the barium inward current. However, experiments did not definitely distinguish whether binding occurred to the open or to the inactivated state (although there was some evidence of a long-lasting binding to an inactivated state). (Circulation Research 1989;64:928-936) U ntil now, the action of D600 has been examined principally in multicellular smooth muscle preparations. According to these studies, 1 there is much evidence that the relaxant effect of this drug is a consequence of inhibition of voltage-dependent calcium channels.
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This study investigated the action of the calcium antagonist D600 on calcium channel currents recorded in high barium solution from single, enzymatically isolated smooth muscle cells from the rabbit ear artery using the whole cell configuration of the patch-damp technique. D600 (1-100 fiM) was applied by bath perfusion or by a new technique that allowed a concentration jump during the current. Application of D600 at rest (holding potential, -60 mV) did not alter the peak inward current elicited on depolarization, but the activation of the channels led to a marked block and an acceleration of the current decay. The mechanism of block of calcium channels by D600 was studied by using pulse protocols with different pulse length and different interpulse intervals. The results were consistent with the hypothesis that D600 has a low affinity for the caldum channels in the resting state and that U ntil now, the action of D600 has been examined principally in multicellular smooth muscle preparations. According to these studies, 1 there is much evidence that the relaxant effect of this drug is a consequence of inhibition of voltage-dependent calcium channels.
Detailed voltage-clamp studies on the action of calcium antagonists on the calcium channels in smooth muscle have been complicated in part by methodological problems of voltage clamp in multicellular preparations and also because of residual outward currents occurring simultaneously with the calcium inward currents. 2 -4 Calcium or barium inward currents in smooth muscle that are similar to calcium currents in heart muscle with respect to voltage dependence and kinetic properties have recently been described in single smooth muscle cells. 5 -10 The total inward current in single smooth muscle cells can be shown using the whole-cell configuration of the patch-clamp technique, composed of fast and slow inactivating components, each having a different voltage dependence" 12 as has also been demonstrated in cardiac and neuronal cells. 13 -' 5 In heart muscle preparations, D600 has been shown to inhibit calcium currents in a voltageand use-dependent manner. 16 -22 These studies suggest that D600 binds preferentially to the open and inactivated states of the channels. The aim of the present experiments was to examine possible preferential binding of D600 to different calcium channel states in smooth muscle cells from rabbit ear artery.
Materials and Methods
Single smooth muscle cells were freshly dispersed from rabbit ear artery using a procedure similar to that described previously. 23 Short segments (1-2 mm) of artery were incubated for three 30-minute periods (I, II, and III) in a modified physiological salt solution containing 10 /iM calcium, 2 mg/ml bovine serum albumin, and I) 0.6 mg/ml and 1.7 units/ml, II) 0.5 mg/ml and 2.1 units/ ml, and III) 0.4 mg/ml and 2.5 units/ml collagenase and elastase, respectively, for sequential incubations. Cells dispersed after mild agitation in this Data was recorded on FM tape and later analyzed off-line using a BBC microcomputer that communicated with a 1401 CED-programmable interface. The 1401 provided the pulse sequence and the sample commands through a 12-bit analog-to-digital converter. Since most of the pulse protocols used did not allow signal averaging of the current records, the single current sweeps during recorded pulse trains were low-pass filtered at 0.125 kHz or 1 kHz with an eight-pole Butterworth filter (Barr and Stroud, Glasgow, UK) to reduce the noise. The filtering did not significantly affect the peak values of the recorded inward currents. The leak currents were subtracted either digitally, using average values of steady leakage currents elicited by a 20 mV hyperpolarizing pulse, or electronically by means of an analog circuit. Both methods gave similar results. All recordings were made between 20° and 25° C. The decay of the current was fitted to an exponential function using the algorithm of Marquardt. 25 D600 (Knoll AG, Ludwigshafen, FRG) was applied by bath perfusion or by a concentrationjump technique previously described in detail. 26 This enabled the application of D600 within less than 10 msec. 26 Stable whole-cell recordings were made from single cells in a microdrop (less than 0.1 il) formed within an inner bath. This bath was separated from an outer bath by a Sylgard polymer ring, and rapid application of new solution to the single cell from which the recording was made took place when solution from the outer bath flooded over the Sylgard ring and mixed with the microdrop. 26 Tests with solutions with high concentrations of potassium showed that mixing was complete within 10 msec (see Reference 26 for a detailed description of the method). Inward barium currents were evoked by stepping from a holding potential of -60 mV to a test potential of +20 mV for 6 seconds. D600 was applied during the sustained component about 2 seconds after the start of the pulse. Figure 1 shows inward currents from an isolated ear artery cell bathed in normal physiological salt solution (a) and the inward currents of the same cell after changing the external solution to 110 mM BaCl 2 solution (b). In normal physiological salt solution, small calcium inward currents with peak current values from 10 to 40 pA could be recorded. To increase calcium channel currents as well as block residual outward currents, 27 we used barium as the charge carrier through calcium channels. The peak barium current amplitudes were in the range of 40-150 pA. In barium solution, the maximum current occurred at more positive potentials. The observed shift in the reversal potential to more positive potentials (see Figure lc ) may be partially due to an inhibition of contaminating outward currents by extracellular barium. 27 In normal extracellular calcium (1.7 mM) as well as with barium (110 mM) as the charge carrier, the inactivation of the recorded inward currents could be approximated by a single exponential function at (JLM) . NO decrease in peak amplitudes was observed under control conditions, and rest periods of 4 minutes (1-100 fiM) and 3 minutes (30 pM) were allowed between each pulse train where almost complete recovery of peak current was observed. After a 10-minute washout period, recovery was observed without current decay on repeated stimulation. short times, but over longer times two exponentials were required. As pointed out previously in ear artery cells, 9 " a fast inactivating current component can be distinguished from a slowly decaying current component. Both current components were present in normal calcium solution as well as in high barium solution ( Figure 1 ). We observed large variations in the relative contribution of the slowly inactivating component to the total inward current in different cells, which may reflect peculiarities of cell populations as well as the influence of enzymatic treatment during the isolation procedure.
Results

Affinity of D600 for Resting, Open, and Inactivated Calcium Channels
Initially, the effects of various concentrations of D600 (1-100 yiM) were studied on the peak inward barium current amplitude. In the absence of D600, peak current did not decline during a train of 500msec pulses (stepping from -60 to +20 mV) applied at a frequency of 0.1 Hz ( Figure 2 ). The control current showed a fast inactivating and a sustained component ( Figure 3 ). Stable recordings of barium current could be made under control conditions for 30-40 minutes. The peak current of a postrest pulse was identical with the control current.
The time courses for the block of the peak current amplitude at various concentrations of D600 are shown for stimulation at 0.1 Hz ( Figure 2 ). After treatment with 1 jtM D600 for an equilibration period of 1 minute when no voltage step was applied, the peak current decreased during a 0.1-Hz pulse train to a new steady-state level. An increase in D600 concentration from 1 yM to 30 or 100 fiM led, after a 1-minute equilibration period, to a greater block of the inward current on repetitive stimulation. The data have been fitted by smooth curves that represent single exponential functions plus a constant. However, a rest period between applied pulse trains led to a rest-dependent recov- ery to about 90% of the control current amplitude after 3 minutes in 30 fxM D600 and to a complete recovery of the peak current after 4 minutes in the presence of 100 ^M D600 (Figures 2 and 3) . The observed complete recovery of the currents at rest at a holding potential of -60 mV after a short period of stimulation at a low frequency (0.1 Hz) was a constant finding during this study. The results in Figure  3 show that the peak current value in 100 /xM D600 on the first pulse after a period of 4 minutes without stimulation was almost identical to the control current. However, the current decay during a single pulse was accelerated. The acceleration of the current decay during the first test pulse after a rest period became more evident with increasing drug concentration (Figure 3c and 3d) . When two identical trains of stimuli were applied, the decay of the peak currents was usually faster during the second.
The kinetics of the blockade by 1-100 fiM D600 of barium currents during different test pulse frequencies were fitted in all experiments by a single exponential function; for example, when stimulating with 200-msec depolarizing pulses and 500msec interpulse intervals in 30 /xM D600, Tw^ was 1.96 seconds (Figure 4 , upper left and lower right). When using pulse trains with longer interpulse intervals (10 seconds), the time course of the decline of peak currents was about one order of magnitude slower in the presence of the same drug concentration (see Figure 2 ). A monoexponential time course of the decline of peak barium currents during repeated pulsing at different frequencies suggests that D600 was binding to a single binding site or to one calcium channel state. Therefore, the rate at which the block developed was related to the frequency of channel activation by test pulses. Also, after higher frequency stimulation, a block of 15-30% of the control current remained after a 4minute rest period, suggesting only partial recoveryan observation not made when using a lower frequency of stimulation.
The absence of initial block in 1-100 fiM D600 indicates a low affinity of the drug for calcium channels at negative potentials when the majority would be in the resting closed but available state. The decrease in current amplitude with repetitive stimulation suggests that D600 binds either to the channels in the depolarized membrane or to the open or inactivated states of the channels.
To distinguish between block of the channels in the open or inactivated states we compared the block after a 6-second train of ten 200-msec pulses and after a single 6-second pulse (Figure 4 , upper left and lower left). These protocols were chosen because they produce about the same amount of channel open time (currentxtime, 1:1.17), but the long pulse produces three times as much channel inactivation (current inactivation from peakxtime).
In the presence of 30 fiM D600, block of the peak inward current evoked by short repetitive pulses was observed that could be described by a single exponential function with a time constant T Hock = 1.96 seconds (Figure 4 , upper left and lower right). This suggests a close correlation between the amount of total channel open time and the amount of block. During a 6-second pulse in the presence of 30 /iM D600, the current fell to zero after 3 seconds in the same cell (Figure 4 , lower left). A block of 45% persisted following a 5-second rest period after the single long pulse, and a 52% block remained at 5 seconds after a train of short pulses despite the marked difference between the protocols of the two experiments (Figure 4 , upper left and lower left). As the amount of inactivation x time was much greater with the single 6-second pulse, this result did not imply a high affinity binding of D600 to the inactivated state but rather a binding to the open state; hence, the similar degree of channel block after the two protocols. However, this experiment does not exclude binding of D600 to the inactivated calcium channel state during both pulse protocols.
In order to investigate a possible binding of D600 to inactivated channels, further experiments were done. After a 6-second subthreshold depolarizing step to -40 mV (near threshold voltage), which produced substantial inactivation of peak current (23 ±8%; n=3) measured at +20 mV (see Figure 5a and 5b), D600 had only a very small (about 3%) blocking effect on peak current (Figure 5c ). This suggested little binding to the inactivated state during the single 6-second depolarizing step. As shown in Figure 5 lower, currents recovered under control conditions from inactivation during a 500msec rest to 90% of their control size (see, also, Figure 4 upper left where almost complete recovery was observed after short test pulses), but if 3 fiM D600 was present and the membrane was depolar-ized to +20 mV, which caused considerable channel opening, recovery was incomplete after 500 msec ( Figure 5, lower) .
Fast Application of D600 During a Single Voltage-Clamp Step
A newly developed concentration-jump technique (see "Materials and Methods") was used for bath application of 100 /AM D600 within a few milliseconds. A step change in drug concentration to a constant known value is essential for the analysis of drug-receptor kinetics. D600, applied rapidly during a single voltageclamp step, led to a reduction in the sustained current component (Figure 6b ). The next two test pulses applied after 10-second intervals (Figure 6c and 6d) evoked a smaller peak current and current inactivated more quickly. In comparison with the experiment in Figure 3 , where 500-msec pulses were applied with 10-second rest intervals, the continuing depolarization during the 6-second pulse in this experiment substantially increased the usedependent block (compare the 45% inhibition during the third 500-msec step in Figure 3 with the 78% inhibition during the 6-second step in Figure 6d ). The time-course of channel block during step application of D600 could be estimated by subtracting current decay after application of the drug from the decay of the control current. A single exponential was fitted to this drug-induced decay, which had a time constant of 502 msec (Figure 6e ).
If D600 has negligible affinity for the inward current channel at -60 mV but appreciable affinity at a more positive potential (e.g., +20 mV) then the same rate of block of current might be expected following a voltage step into a potential range where block occurs such as that seen during a concentration jump at that potential. Peak current was unaffected in 100 /iM D600 if pulses were separated by 4 minutes or more ( Figure 2 ). However, decay of the current was accelerated (Figure 3) . The time course of current decay during a 500-msec pulse in the absence of D600 and the initial change of the current decay after a 1-minute equilibration in 100 /xM D600 were studied separately (Figure 7) .
The effect of D600 on the current could be fitted by a single exponential. However, the time constant of this averaged 190±68 msec (mean±SEM, n=3) , which was about one third the value obtained by the concentration-jump technique. This difference implied that the situation may be more complex than the simple model postulated.
Discussion
Low Affinity of D600 to Resting Calcium Channels
A constant finding during the present study was the low affinity of D600 for calcium channels in the resting available state. An almost negligible initial inhibition of peak inward current on the first pulse after holding at a negative potential was also observed in single and multicellular heart muscle preparations. 19: »- 22 Since D600 is basic with a / V o f 8.7 at pH 7.4, it exists mainly as a charged molecule that is not capable of penetrating the membrane via the hydrophobic pathway. 2829
High Affinity of D600 for Open Calcium Channels
As shown by the experiments in Figures 2 and 3 , the rate of development of calcium channel block is a consequence of the number of openings with respect to time. A similar observation was made by Kldckner and Isenberg 30 with the verapamil derivative tiapamil. The block of the sustained current component (Figure 4 , upper and lower left and Figure 7 ) leads to changes in shape of the current during the pulse train.
The experiments described suggest that depolarization of the membrane and opening of the channels was required for D600 to exert its blocking action; affinity of D600 for the channels was very low at negative potentials (e.g., -60 mV). However, when block had occurred, then a complete recovery of channel activity was possible after several minutes at a negative potential, but this recovery was much slower than the usual recovery of channels from the normal inactivation process. A possible explanation is that D600 interacts with the open channel (perhaps entering it) to block ionic fluxes through it, the open channel is then held open until D600 dissociates, and dissociation occurs slowly at negative potentials (and perhaps even more slowly at more positive ones), explaining the rather slow recovery from block, which in these experiments took more than 3 minutes.
Role of Inactivation in Calcium Channel Block by D600 and Dependence of Block on Previous Channel Activity
The observed overlap between the voltage at which channel activation begins (threshold at -40 mV) and channel inactivation at the same a b
voltage (see Figure 5a inactivation takes place (see Figure 5c ). However, in the case of high affinity binding of D600 to the inactivated state one would have expected an appreciable block for the experiment shown in Figure 5c , where a very small (2-4 pA) inward current but substantial current inactivation was observed. Further information on the action of D600 on the inactivated state can be deduced from Figure 4 . If high affinity binding of D600 to the inactivated channels is the main mechanism of drug action, then there would have been more binding to this state when using pulse protocol of Figure 4 , lower left, because the time the channels spend in the inactivated state is much greater and if the off-rates of D600 from the channel in its open and inactivated conformations were different, one might expect different amounts of recovery from block after a 5-second rest at -60 mV in both experiments. This difference would be emphasized by the fact that the channels could recover from inactivation between pulses when using the protocol in Figure 4 , upper left. However, a similar amount of recovery was observed for both protocols, which suggests a correlation between the amount of open time and the amount of block that is in favor of the hypothesis that the open state is crucial for the blocking action ofD600.
However, a comparison of the frequencydependent inhibition of the inward current in the presence of 10 jiM D600 with different test-pulse length (200 msec in Figure 2 , 6 seconds in Figure 6 ) but with the same interpulse interval (10 seconds) suggests an additional component of block during the long pulse inactivation in Figure 6 .
An interesting two-pool concept was proposed by McDonald et al 20 as an explanation for the acceler- ation of the block during repetitive pulse trains in heart muscle. According to this hypothesis, the drug is translocated during repeated block and unblock from a pool in the intracellular fluid to a pool within the membrane phase. Thus, an increase in intramembrane drug concentration caused by repeated channel opening makes the receptor of the channels more accessible for drug binding and changes the kinetics of the drug-receptor interaction.
Does D600 Differentially Block Different Types of Calcium Channels in Smooth Muscle?
Benham et al 9 have suggested that the "L-type" calcium channel is the dominant channel type in rabbit ear artery smooth muscle cells and that the "T-type" channels are inactivated by about 25-30% at a holding potential of -60 mV. However, using the same cell type, Aaronson et al 31 have found that two components of calcium current are not so clearly divisible by their voltage dependence. However, both studies suggest that two channel types may be activated from a holding potential of -60 mV. The observed changes in barium current kinetics in the presence of D600 may therefore be explained by a selective block of one distinct calcium channel population.
In agreement with studies in single heart muscle cells, we observed marked drug-induced changes in the time course of inactivation of the barium currents through calcium channels in smooth muscle cells, but no changes in the time to peak of the inward current were observed. 19 A selective block with no, or very slow, recovery of the sustained current component (Figure 4 , upper left, and Figure  6 ) may reflect a higher affinity to a separate "high threshold" calcium channel type in smooth muscle cells." 12 However, when using the protocol of Figure 4 , lower left, the L-type calcium channels contributed a much larger fraction of the total number of open channels per unit time compared with the transient T-type channels (which are assumed to be completely inactivated after 200 msec at that membrane potential 9 ) than when using protocol of Figure 4 , upper left, where the T and L types may have been activated repeatedly. As stated above, both protocols gave nearly the same amount of block and recovery from block; this would indicate similar binding of D600 to T-and L-type channels. According to Benham et al, 9 the sustained current component is carried exclusively by L-type calcium channels. As D600 has only low affinity for the channels in their resting state (at -60 mV), the reduction in peak current in Figure 6c should reflect, exclusively, inhibition of L-type channels. However, the block was much larger than expected. A high affinity binding of D600 to inactivated T-type channels without channel opening seems to be unlikely on the basis of the present experiments.
The rate of onset of block obtained by voltage jump was about three times faster than that obtained by concentration jump. The net reduction of current caused by D600 application was very small, 10-20 pA, and the signal-to-noise ratio not sufficient to distinguish two or more exponentials should they have been present. With respect to the observed two channel populations (8 and 25 pS unit conductance, 9) two rates of block may occur. A further complication is the extent to which open channels may become available from other states which may not be the same during voltage and concentration jumps. However, the observations in the present study could equally well be explained by a timedependent block of a single population of calcium channels.
The role of a single protonable group in the regulation of the channel conductance was recently studied by Prod'horn et al. 32 According to these authors the binding of protons to this part of the channel molecule could trigger conformational changes in the channel molecule, which would reduce the channel conductance or alternatively change local potentials in the channel and repel cations entering the channel. The interaction of the calcium antagonist D600 with the proposed acidic binding site of the channel molecule would be an interesting explanation of the open channel block in the present experiments.
Conclusions
The calcium channel block by D600 in smooth muscle cells was found to be in many respects quite similar to the state dependence of calcium channel block in heart muscle. 19 -22 -33 In the present experiments we could demonstrate for the first time a low affinity for resting calcium channels and rapid inhibition of the calcium channels by D600 in smooth muscle cells after channel opening. Using the concentration-jump technique of Hering et al, 26 we could show that the acceleration of the current can be explained by a rapid channel block within several hundred milliseconds. Thus, the mechanism of inhibition of the barium inward current by D600 in this cell type can be explained by 1) a rapid open channel block and/or 2) druginduced calcium channel state transitions from open to inactivated states. Therefore, the action of D600 is quite different from that of the dihydropyridine calcium antagonist nifedipine, which produces a marked initial inhibition of smooth muscle inward calcium channel current (i.e., exhibits a high affinity for the channels in the resting state) and also induces a marked acceleration of the current decay but on rapid application during a voltage-clamp step has no significant effect on the time course of the current decay. 34 -35 
